In paddy fields, the opposing transformation of arsenic (As) and cadmium (Cd) poses many challenges for their simultaneous remediation. In our previous study, we reported that combined biochar and zero-valent iron (ZVI) amendment had great potential for the simultaneous alleviation of As and Cd bioavailability in contaminated acid paddy soil. In this study, an As-and Cd-contaminated alkaline paddy soil was further studied, and the same ZVI-biochar mixtures amendments were applied to evaluate the impact of the mixtures on As and Cd transformation and translocation in the soil-rice system by performing pot experiments with rice. In line with our previous study, the ZVI-biochar composites significantly reduced As and Cd accumulation in different rice tissues, leading to a 42% and 47% decrease in rice grain As and Cd levels, respectively, compared with the control values. The ZVI-biochar mixtures exhibited synergistic effects of biochar and ZVI by enhancing the transformation of bioavailable As and Cd fractions into less bioavailable fractions, and by increasing iron plaque formation to reduce As and Cd bioavailability. Although the bioaccumulation and translocation factors of As and Cd in alkaline paddy soil were generally lower than those in acid paddy soil, particularly in the presence of the ZVI-biochar mixtures, the grain As and Cd levels did not achieve the desired food safety standard levels, probably related to the high soil As content and the small changes in soil pH. Nevertheless, for treating lightly and moderately contaminated paddy soils, ZVI-biochar mixtures can still be a good choice in the future.
Introduction
The contamination of arsenic (As) and cadmium (Cd) in paddy soils has caused severe health risks to millions of people worldwide. This risk is especially salient in Southeast Asia and southern China, where rice is consumed as a staple food (Meharg and Rahman 2003; Wang et al. 2003; Yu et al. 2016) . Compared with other cereals, rice seems to more preferentially accumulate As and Cd in its grains, and it is also often recognized as a major source of dietary As and Cd intake (Li et al. 2011; Mondal and Polya 2008; Tsukahara et al. 2003; Yu et al. 2016) . In rice paddy soil, the chemical properties and geochemical behaviors of As and Cd are contradictory. The anaerobic conditions in paddy soils favor the mobilization of arsenite, which can be further taken up by rice roots, thus increasing As bioavailability (Qiao et al. 2018a; Takahashi et al. 2004 ). In contrast, Cd bioavailability may decrease in flooded paddy soils due to increased pH, precipitation with reduced sulfur or the reduction of Fe(III) oxides in the rhizosphere (Qiao et al. 2018b; Yu et al. 2016; Zhang et al. 2012) . Hence, how to simultaneously reduce As and Cd accumulation in rice grain in As-and Cd-contaminated paddy fields remains a challenge.
Many remediation methods for As and Cd-contaminated soils have been developed, among which chemical stabilization and phytostabilization are widely adopted for less severe environmental issues (Alvarenga et al. 2008; Komárek et al. 2013; Rizzi et al. 2004) . For successful combined chemical and/or phytostabilization, however, it is still necessary to reduce metal availability and toxicity and neutralize soil acidity first (Pichtel and Salt 1998; Solís-Dominguez et al. 2012) . Biochar and zero-valent iron (ZVI) have been widely used for the remediation of metal-contaminated soils by sorption and immobilization Cantrell et al. 1995; Chen et al. 2019; Zhang et al. 2013; Zou et al. 2016) . Nevertheless, it seems that single biochar application to As-and Cd-contaminated soil can only immobilize Cd and might increase As bioavailability (Beesley and Marmiroli 2011; Méndez et al. 2012; Qiao et al. 2018b; Rocco et al. 2018) . Moreover, single ZVI amendment may result in uncertain consequences for As and Cd bioavailability due to the pH effect and iron corrosion (Kumpiene et al. 2006; Qiao et al. 2018b ). For remediation of cocontaminated sites, simultaneously reducing metal and metalloid bioavailability is crucial. In fact, it has been reported that the leaching of multiple-metals, particularly As and Cu, was significantly reduced after the application of biochar and ZVI amendments to an acid (pH 3.2) mine spoil with very high levels of Cu, As (34,470 mg kg −1 ) and Cd (813 mg kg −1 ) contamination (Sneath et al. 2013) , indicating that a combined treatment can potentially be utilized to treat cocontaminated sites. In our previous study, by premixing different ratios of biochar and ZVI, fine uniform biochar-ZVI mixtures were obtained, and used as soil amendments to alleviate As and Cd bioavailability in acid paddy soil. The results showed that the combined amendment of biochar and ZVI had great potential for reducing As and Cd bioavailability in contaminated paddy soil over single biochar or ZVI amendments (Qiao et al. 2018b ). However, a previous study on treating As-containing drinking water using ZVI and biochar complexes indicated that the effective removal of As was only achieved in a specific pH range (pH 7-7.5) and in the presence of competing ions (Bakshi et al. 2018) . Another study reported that operating parameters such as phase contact time, initial metal ion concentration, solution pH and temperature play an important role in the sorption of heavy metals on ZVI and biochar complexes (Kołodyńska et al. 2017) . Therefore, the effect of mixed biochar and ZVI amendments on contaminated soil remediation may be affected by the soil chemical properties, such as pH and metal levels. Thus, the potential effect of combined biochar and ZVI amendment on As and Cd bioavailability in different categories of soil merits further investigation.
To evaluate the suitability of the biochar and ZVI composite treatment for use in As-and Cd-contaminated paddy soil, in this study, the same biochar and ZVI mixtures were used as soil amendments (1) to investigate the potential impact of biochar and ZVI amendment on the mobility and bioavailability of As and Cd in alkaline paddy soil by performing pot trials with rice; and (2) to compare As and Cd translocation from soil to rice plant systems in alkaline and acid paddy soils under amendments of the same biochar and ZVI mixtures and evaluate the general applicability of these composites.
Materials and methods

Soil sampling and ZVI-biochar composite preparation
A composite soil sample was collected from a drained paddy field in the downstream area of the Lianhua mountain tungsten mine, located in Shantou City, Guangdong Province, China. The soil is slightly alkaline (pH 7.6) and contains higher total As (249 ± 44 mg kg −1 ), but lower total Cd (2.0 ± 0.3 mg kg −1 ) than acid paddy soil (37 ± 2 mg kg −1 total As and 2.7 ± 0.3 mg kg −1 total Cd) (Qiao et al. 2018b ). Details of the soil parameters, soil sampling methods, methods for measuring soil properties have been previously described (Qiao et al. 2018a, b) .
The ZVI-biochar composite used in the present study was the same as that we prepared and utilized in the previous study on As-and Cd-contaminated acid paddy soil (Qiao et al. 2018b ). Previously, we have prepared four ZVI-biochar composites containing 0.5%, 1.0%, 2.5% and 5.0% Fe to determine the correlation between the Fe ratio and the remediating effect of the Fe-biochar mixture. And the highest Fe ratio (5%, w/w, based on a dry weight basis of soil, equivalent to 0.05% w/w) is much lower than the reported application rates of Fe (higher than 5% w/w), which can cause soil aggregate cementation and reduced soil porosity (Kumpiene et al. 2008) . The ZVI-biochar composites were prepared by thoroughly premixing 100 g biochar and 0.5, 2.5, and 5.0 g ZVI, respectively, and the powders were then passed a 100-mesh sieve. The oversized ones were recovered and ground again until all the powder could pass through the sieve. The fine uniform composites were stored in a desiccator till further use. Biochar produced from slow pyrolysis of oil palm fibers (700 °C, 4 h) in a muffle furnace and iron particles of 100 mesh size purchased from the Aladdin Chemical Company, China were used, respectively. In this study, three ZVI-biochar composites containing 0.5%, 2.5%, and 5.0% Fe were prepared.
Pot experiments
In this study, six different rice pot treatments were carried out in triplicate with 10 kg soil per pot amended with 1% biochar; 1% ZVI-biochar composite with 0.5%, 2.5% or 5.0% Fe; or 0.05% ZVI on a dry weight soil basis. The treatments were as follows: untreated paddy soil (control) and, paddy soil amended with 1% biochar (C), 1% ZVI-biochar with 0.5% Fe (0.5 Fe-C), 1% ZVI-biochar with 2.5% Fe (2.5 Fe-C), 1% ZVI-biochar with 5.0% Fe (5.0 Fe-C), and 0.05% ZVI (Fe). The detailed procedure for the rice pot trial, including pot treatments, preparation of rice seedlings, rice harvesting, iron plaque extraction, measurements of As/Cd in rice plant tissues and iron plaque, and rhizosphere soil Fe/As/Cd fractions were all described in our previous paper (Qiao et al. 2018b) . Tap water was added on a daily basis to maintain flooding of the soils, and pots were rearranged randomly every week until 2 weeks before harvest. For soil porewater collection and analysis, a rhizon soil solution sampler (Eijkelkamp Agrisearch Equipment, The Netherlands) was carefully inserted into the soil in the center of the pots (8 cm depth) to collect the soil porewater. The sampling times were set at the seedling stage (15 days), tillering stage (30 days), filling stage (106 days), and maturing stage (132 days) after seedling transplant. The extracted soil porewater was passed through a 0.45-μm filter and acidified to pH < 2 with 1% HCl (v/v) to preserve As species (Zhao et al. 2013 ). The total As was then analyzed with a hydride generation-atomic fluorescence spectrometer (HG-AFS, SA-10, Beijing Titan Instruments Co. Ltd, China) and the total Cd was analyzed using a graphite furnace atomic absorption spectrometer (ZEEnit 60, Analytik Jena, Germany).
Data analysis
The bioaccumulation factor (BAF) for As and Cd from the soil to rice root, straw, and grain and the translocation factor (TF) for As and Cd from root to straw and from straw to grain were calculated as previously described (Wang et al. 2019) . All statistical and correlation analyses were performed using SPSS 18.0 software (SPSS, Inc., Chicago, USA). Significant differences between treatments were determined by Duncan's new multiple range test, and P < 0.05 was accepted as statistically significant. The correlation analysis was conducted using Pearson's correlation test with a significance level of P < 0.05 (two-tailed). Random forest (RF) analyses were further conducted to identify and compare the contributing factors to As and Cd bioavailability in rice in coastal and acid paddy soils . For our datasets, the rice grain As or Cd content was used as the dependent variable, and all of the other parameters, including soil pH; porewater As/Cd/Fe(II) at the seedling, tillering, filling and maturing stages; content of Fe in Fe plaque; concentrations of Fe in the amorphous and dithionite-citrate-bicarbonate (DCB)-extractable Fe oxides; content of HCl-extractable Fe(II); and contents of bioavailable As/Cd fractions in paddy soil, were used as independent variables.
Results and discussion
As and Cd accumulation in rice
To investigate the effect of the ZVI-biochar mixture on As and Cd mobility and bioavailability in cocontaminated alkaline paddy soil, the concentrations of As and Cd in different rice tissues were determined (Table 1) . Consistent with our previous results, the greatest accumulation of As and Cd occurred in the root and decreased in the aboveground parts (root > straw > husk > grain) (Qiao et al. 2018b) . Compared with the soil control, the single biochar amendment showed a slight and insignificant decrease in Cd levels in different rice tissues, while both the As and Cd contents in rice tissues were significantly (P < 0.05) decreased in the single ZVI (Fe) treatment (Table 1) . Moreover, after the simultaneous application of equivalent biochar and ZVI (5.0 Fe-C) to contaminated paddy soil, both the As and Cd contents in all rice tissues were significantly (P < 0.05) decreased, resulting in a 42% (to 0.62 ± 0.03 mg kg −1 ) and 47% (to 0.35 ± 0.11 mg kg −1 ) decrease in rice grain As and Cd, respectively, compared with the control (grain As, 1.06 ± 0.11 mg kg −1 and grain Cd, 0.66 ± 0.02 mg kg −1 ) ( Table 1 ). Similar to our previous report in acid paddy soil (Qiao et al. 2018b ), the decrease in grain As and Cd with combined ZVI and biochar amendment (> 40%) was much higher than the sum of the total decrease ratios (< 21%) of single biochar treatment and single ZVI treatment, which Table 1 Concentrations of As and Cd in different rice plant tissues under different treatments Control: untreated paddy soil, C: biochar, Fe: zero-valent iron, 0.5 Fe-C: ZVI-biochar with 0.5% Fe, 2.5 Fe-C: ZVI-biochar with 2.5% Fe, 5.0 Fe-C: ZVI-biochar with 5% Fe. Significant differences are indicated by different letters (P < 0.05) confirmed that the biochar and ZVI interacted in the ZVI-biochar composite. After the same biochar application to As-and Cd-contaminated acid paddy soil, the Cd levels in different rice parts (root, straw, husk and grain) were all significantly decreased (P < 0.05) (Qiao et al. 2018b) , which was quite different from alkaline paddy soil. This difference can be, at least partially, attributed to the pH effect induced by biochar addition. Generally, the mobility of Cd greatly decreases under alkaline pH conditions, while that of As shows an opposite trend (Rocco et al. 2018) . After biochar addition to alkaline paddy soil, the rhizospheric pH was increased by 0.25 pH units (pH 7.8) (Fig. S1 ), but this increase in alkaline paddy soil was much lower than that in acid paddy soil (0.9 pH units) (Qiao et al. 2018b ). Thus, the pH effect induced by biochar addition on Cd immobilization might be small in the tested alkaline paddy soil. Similarly, the same ZVI treatment also reduced both As and Cd levels in rice plants in alkaline and acid paddy soils (Qiao et al. 2018b) . ZVI can be easily oxidized into amorphous iron oxy(hydr)oxides by O 2 in paddy soils and is accompanied by increases in soil pH (pH 8.0) due to proton consumption (Fig. S1 ). In alkaline paddy soil, the formation of iron oxy(hydr)oxides and the further pH effect during iron corrosion can both contribute to As and Cd immobilization when ZVI is added. Generally, redox potentials of oxidized soils ranged from + 400 to + 700 mV, whereas waterlogged soils' redox potential is in the range of − 250 to − 300 mV (Patrick and Mahapatra 1968) . In the present study, the redox potential values for the various treatments ranged from + 145 mV at the tillering stage (30 days) to − 304 mV at the maturing stage (132 days) after seedling transplant (data not shown). Comparison of typical paddy field, the redox potential could be a bit higher in the pot experiments.
Additionally, different ZVI dosages (0.5%, 2.5% and 5%) in the Fe-C composites were also investigated, and a similar declining trend was observed with an increasing ratio of ZVI in the composite (0.5 Fe-C < 2.5 Fe-C < 5.0 Fe-C). Combined with our previous results for acid paddy soil, we thus conclude that the ZVI-biochar mixture with high Fe content can effectively reduce As and Cd bioavailability.
As, Cd, and Fe in porewater
As shown in Fig. 1 , the porewater As levels gradually increased and peaked at the maturing stage during the rice growth period in different treatments. In the soil control, the content of porewater As increased from 126 ± 34 mg L −1 at the seedling stage to 375 ± 10 mg L −1 at the maturing stage (Fig. 1) . Compared with the control, the porewater As level was even higher in the presence of biochar (C), increasing to 423 ± 9 mg L −1 at the maturing stage ( Fig. 1) , probably due to the stimulation of microbial Fe(III) reduction caused by increased DOC after biochar addition (Beesley et al. 2013 ). In the single ZVI treatment (Fe), the porewater As level was lower at the maturing stage (240 ± 22 mg L −1 ), while the porewater Fe(II) level (0.8 ± 0.01 mM) was 1.6-fold that of the control (0.5 ± 0.03 mM) (Fig. 1) . This observation could be explained by the large proportion of amorphous iron oxy(hydr)oxides formed during the corrosion of Fe 0 owing to its high reactivity. In the 5.0 Fe-C treatment, which represented equivalent biochar and ZVI addition, the porewater As level (132 ± 28 mg L −1 ) was reduced by 65% compared with the control, but the Fe(II) level slightly increased to 0.6 ± 0.01 mM at the maturing stage. It has been reported that carbon materials can increase the corrosion rate of ZVI and result in the rapid formation of iron oxides (Dou et al. 2010; Liu et al. 2016) . The rate of formation of iron oxides because of Fe 0 corrosion might be higher in the ZVI-biochar mixtures than in the single ZVI treatment, which favors arsenic immobilization. In addition, the results from the different ZVI-biochar composites showed that porewater As levels also decreased with increasing Fe dosage in the composite (0.5 Fe-C > 2.5 Fe-C > 5.0 Fe-C).
In the soil control, porewater Cd levels were essentially maintained at 0.2 ± 0.01 mg L −1 during the entire rice growth period (Fig. 1) . In the presence of biochar alone, the content of porewater Cd gradually decreased with rice growth (0.1 ± 0.02 mg L −1 at the maturing stage), while the Cd content barely changed in the ZVI treatment (0.2 ± 0.01 mg L −1 ) (Fig. 1) . In the presence of equivalent biochar and ZVI (5.0 Fe-C), the porewater Cd contents did not decline but slightly increased to 0.3 ± 0.01 mg L −1 at the maturing stage. Because Cd exists in cationic form and As exists mainly in anionic form, biochar may not show a strong affinity for As due to its carboxylic and phenolic surface functional groups. In contrast, biochar can reduce Cd bioavailability due to its cation binding capacity, adsorption capacity, and liming effect (Beesley and Marmiroli 2011; Bian et al. 2014; Chen et al. 2015; Uchimiya et al. 2010; Wang et al. 2015) . The corrosion of ZVI can be accelerated by biochar owing to the electrical conductivity of biochar, leading to the rapid formation of iron oxides (Hossain et al. 2010; Kumpiene et al. 2006 ). The surface complexation constant of AsO 4 3− on iron oxides (log K = 29.31) is higher than that of Cd 2+ on iron oxides (0.47), suggesting that the affinity of Cd to Fe oxides is much weaker than that of As (Chen et al. 1997) . Moreover, the As content (249 ± 45 mg kg −1 ) in the tested alkaline paddy soil was approximately 6.7-fold the level in acid paddy soil (37 ± 5 mg kg −1 ) (Qiao et al. 2018b) , which also increased As adsorption on iron oxides.
As, Cd, and Fe in rhizosphere soils and Fe plaque
To investigate the effect of ZVI-biochar mixtures on the transformation of As and Cd in alkaline paddy soil, five operationally defined fractions of As and Cd were determined from sequential extraction of rhizosphere soil. Similar to our previous study on acid paddy soil (Qiao et al. 2018b) , in alkaline paddy soil, most of the Cd existed as the residual and organic-bound forms (> 80%) (Fig. 2) , while large amounts of As existed as Fe oxide forms (> 60%) and only approximately 8% of As was in residual forms (Fig. 2) . Bioavailable As (predominantly F2-As, extracted by NH 4 H 2 PO 4 ) and bioavailable Cd (F1-/F2-Cd, extracted by MgCl 2 and NaOAc/HOAc, respectively) significantly (P < 0.05) decreased in the order of control > C > Fe > 0.5 Fe-C > 2.5 Fe-C > 5.0 Fe-C. However, F3-As/Cd, the less bioavailable As/Cd adsorbed onto the surface of poorly crystalline Fe oxides (Wenzel et al. 2001; Yu et al. 2016) , significantly (P < 0.05) increased (Fig. 2) . In alkaline paddy soil, the ZVI-biochar mixtures also enhanced the transformation of As and Cd from bioavailable fractions to immobilized fractions (Fe oxides adsorbed or residual forms). Further analysis of the fractions of different Fe species in rhizosphere soil showed that concentrations of HCl-Fe(II)/Fe(III), oxalate-Fe and DCB-Fe showed no significant increase or decrease in the tested alkaline paddy soil with or without biochar and ZVI amendments (Fig. S2) . Thus, the effect of 1 3 biochar and/or ZVI amendment on rhizospheric Fe transformation in alkaline paddy soil was smaller than that in acid paddy soil. The As, Cd and Fe contents in Fe plaque generally increased in the order of control < C < Fe < 0.5 Fe-C < 2.5 Fe-C < 5.0 Fe-C, with the exception of As and Cd in the biochar amendment (Fig. 3) . Indeed, massive accumulations of As, Cd and Fe in Fe plaque were also observed in the 5.0 Fe-C treatment (ZVI-biochar with 5% Fe) (Qiao et al. 2018b ); the contents were 1.5-fold higher than those in the control (Fig. 3) . Again, it was confirmed that the ZVI-biochar mixture could enhance Fe plaque formation to increase As and Cd accumulation in alkaline paddy soil.
As and Cd translocation in the soil-rice system
To compare the effect of the ZVI-biochar composites on As and Cd translocation in different paddy soils, the BAF based on the ratio of the total As or Cd content in rice plant tissues to that in soil was calculated (Table 2 ). In both alkaline and acid paddy soils, the lowest BAFs of As and Cd were detected in the 2.5/5.0 Fe-C ( Table 2 ), indicating that ZVI-biochar mixtures with high Fe content can effectively reduce As and Cd bioavailability in contaminated paddy soil. Interestingly, in untreated alkaline paddy soil, the BAFs of As from soil to straw (BAF s , 0.2) and from soil to rice grain (BAF g , 0.4 × 10 −2 ) were approximately twofold lower than those in acid paddy soil (BAF s , 0.2 and BAF g , 1.1 × 10 −2 ). Similarly, the BAF s (0.3) and BAF g (0.09) of Cd were ninefold lower than those in acid paddy soil (BAF s , 3.7 and BAF g , 0.82) ( Table 2) . Hence, both As and Cd seemed to be more easily taken up by rice grown in acid paddy soil than alkaline paddy soil. In addition, the TFs, the ratios of As and Cd in rice grain to those in straw (TF sg ) and of As and Cd in straw to those in root (TF rs ), were calculated (Table 2) . Although no significant difference was observed in the TFs of As and Cd among the different treatments, the TF rs values
As content (g kg of As and Cd were significantly (P < 0.05) lower in alkaline paddy soil than in acid paddy soil, suggesting that the translocation of As and Cd from root to straw was also easier in acid paddy soil than alkaline paddy soil. RF analysis was further performed to quantify the relative contribution of potential factors to As and Cd bioavailability in different paddy soils (Fig. 4) . In alkaline paddy soil, the porewater As level at the maturing stage represented the most important factor affecting As bioavailability (24%) (Fig. 4a) . The F2-As (PO 4 -As) and porewater As levels at the filling stage were the second (18%) and third (17%) most important factors, respectively (Fig. 4a) . Further correlation analysis also confirmed that the contents of porewater As at the filling and maturing stages and F2-As were significantly (P < 0.05) and positively correlated with the As levels in grain, husk and straw (Figs. S3 and S4 ). In the 5.0 Fe-C, the concentration of As in porewater at the maturing stage was decreased by 65% (Fig. 1 ), and the bioavailable As level (F2-As) was also highly decreased (Fig. 2) . Collectively, the ZVI-biochar composite with high Fe dosage showed a positive effect on the immobilization of As and Cd in alkaline paddy soil.
Porewater Cd levels seemed to contribute little to Cd bioavailability (Fig. 4b) . In contrast, the F1-Cd (MgCl 2 -Cd) (26%), Fe(II) levels at the maturing stage (21%), and oxalate-Fe (15%) were the three most important factors (Fig. 4b) . No significant increase in oxalate-Fe, which represents the Fe forms that are available for microbial reduction in soils (Lovley and Phillips 1988; Munch and Ottow 1980) , was observed in the biochar and ZVI amendments (Fig. S2) , indicating that microbial iron reduction in the rhizosphere could be enhanced by the ZVI-biochar composites. High levels of Fe(II) in the rice rhizosphere may reduce Cd uptake by competing for metal transporters (Morrissey and Guerinot 2009; Nakanishi et al. 2006) . However, in the present study, no significant correlation was observed between oxalate-Fe or Fe(II) levels at the maturing stage and the Cd contents in grain, husk and straw (Fig. S5) . Although the RF analysis indicated that the fractions of Fe species were important factors affecting Cd bioavailability, their potential effect on Cd uptake and translocation in contaminated alkaline paddy soil is less clear.
In acid paddy soil, the fractions of Fe species and bioavailable As and Cd species contributed substantially to the decrease in As/Cd contents in rice grain ( Fig. 4c and 4d ). In addition, pH was an important factor affecting As (12%) and Cd (17%) bioavailability. Based on previous studies, increased bulk pH favors Cd 2+ immobilization due to the low solubility of Cd 2+ at high pH, and further negative correlations between pH and the fraction of bioavailable Cd were observed (Novak et al. 2019; Qiao et al. 2018b ). However, in alkaline paddy soil, the contribution of pH to As and Cd bioavailability was very small (< 1.5%), and no statistically significant differences were observed between pH and bioavailable As/Cd levels (Fig. S6) . Furthermore, in alkaline paddy soil, the increase in pH induced by ZVI and/or biochar addition was lower than that in acid paddy soil (Fig. S1) . Thus, the fractions of As and Cd in alkaline paddy soil might be less sensitive to pH change, probably due to the original high pH of the soil.
General applicability of the ZVI-biochar composites
The tested alkaline paddy soil contained an approximately sixfold higher level of total As and a 1.3-fold lower level of total Cd than acid paddy soil (Qiao et al. 2018b ). Additionally, the two paddy soils had a different pH and cation exchange capacity, but nearly the same amount of soil total organic carbon. When the ZVI-biochar mixtures were used as soil amendments to remediate As-and Cd-contaminated acid paddy soil, both the As and Cd contents of rice grain decreased and reached the food safety standard levels specified by the State Food Security Standards (0.2 mg kg −1 ) (Qiao et al. 2018b) . After the application of the same composites to alkaline paddy soil, grain As and Cd levels also decreased, and both BAF and TF were generally lower than those in acid paddy soil, in particular when ZVI-biochar mixtures were added (Table 1 and 2). Despite this improvement, the grain As and Cd levels were still three and 1.7-fold beyond the State Food Security Standards (Table 1) . In a previous study, a combination of 1% w/w biochar and 5% w/w iron filings effectively reduced the leaching of As and Cu in an acid mine spoil contaminated with extremely high levels of As (34,470 mg kg −1 ) (Sneath et al. 2013) . Increasing the ZVI ratio in the Fe-C composite can be an alternate solution for treating highly As-contaminated soils. Another problem is that high Fe content causes soil aggregate cementation and reduces soil porosity (Kumpiene et al. 2008) . For the safe utilization of highly As-and Cd-contaminated alkaline paddy soil, the ZVI-biochar composites showed a very limited effect on reducing As and Cd uptake. However, for paddy soils with low-moderate metal contamination, which is also characteristic of heavy metal contamination in farmland soils in China, this combined application can be a good choice for As and Cd remediation. Moreover, the oil palm fibers used for biochar preparation and the commercial-grade iron particles are low-cost and easily available materials. Considering the availability and cost of the biochar and ZVI, this combined treatment also shows great potential toward implementing the practical application.
Conclusion
Premixed ZVI-biochar mixtures were prepared and used as soil amendments to alleviate As and Cd bioavailability in alkaline paddy soil. Similar to our previous study, the ZVI-biochar composites significantly reduced grain As and Cd contents due to the synergistic effect of biochar and ZVI by enhancing the transformation of the bioavailable fractions of As and Cd into less bioavailable forms, and by increasing the formation of iron plaque. Overall, both the BAF and TF of As and Cd were lower in alkaline paddy soil than in acid paddy soil, particularly when the ZVI-biochar mixtures were added. However, in alkaline paddy soil, the grain As and Cd levels were still much higher than the State Food Security Standard levels even in the presence of ZVI-biochar composites. The ZVI-biochar composites showed only limited potential to reduce As and Cd uptake in soils with high contamination levels. For remediating lightly and moderately contaminated paddy soils, combined treatment can be a good choice for As and Cd remediation.
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